We previously identified two novel enzymes in pigeon, α1,4-and β1,4-galactosyltransferases (GalTs), which are responsible for the biosynthesis of the Galα1-4Gal and Galβ1-4Gal sequences on glycoproteins, respectively. No such glycan structures and/or enzymes have been found in mammals, suggesting that the expression of these enzymes diverged during the course of vertebrate evolution. To compare their expression profiles among avian species, we first established a method for detecting the activities of these two GalTs based on the two-dimensional high pressure liquid chromatography mapping technique, using 2-aminopyridine-derivatized asialo-biantennary N-glycans as an acceptor substrate. When we analyzed the activities of GalTs in pigeon liver extracts in the presence of UDPGal, 13 different products containing Galα1-4Galβ1-4GlcNAc, Galβ1-4Galβ1-4GlcNAc and/or Galα1-4Galβ1-4Galβ1-4GlcNAc branches were identified. The newly formed glycosidic linkages of the enzymatic products were determined by nuclear magnetic resonance and methylation analysis, as well as by galactosidase digestions. The activities of both α1,4-and β1,4-GalTs were detected in various tissues in pigeon, although their relative activities were different in each tissue. In contrast, ostrich expressed β1,4-GalT, but not α1,4-GalT, in all tissues analyzed, whereas neither α1,4-nor β1,4-GalT activity was detected in chicken. These results indicate that α1,4-and β1,4-GalTs are expressed in a species-specific manner and are distributed throughout the entire body of pigeon or ostrich when the enzymes are present.
Introduction
Different glycan structures are often expressed in a speciesspecific fashion in animals and plants (Varki 1993; Gagneux and Varki 1999) . In vertebrates, for instance, fish, amphibians and birds express some complex structures of glycans that are rarely found in mammals. However, the biological mechanism driving the gain and the loss of species-specific glycans remains to be elucidated due to the lack of sufficient information of glycan diversity (Varki et al. 2008 ).
Galα1-4Galβ1-4Galβ1-4GlcNAc sequences were found in N-glycans of pigeon immunoglobulin (Ig) G (Suzuki et al. 2003) and in O-glycans from salivary gland mucin of Chinese swiftlet (Wieruszeski et al. 1987) . The presence of this sequence indicates that these birds are able to express both Galα1-4Gal and Galβ1-4Gal sequences, as well as Galβ1-4GlcNAc. We have previously investigated the distribution of Galα1-4Gal in egg white glycoproteins from 181 species of birds by western blot analysis using anti-P 1 monoclonal antibody (mAb; Galα1-4Galβ1-4GlcNAc-specific; Suzuki et al. , 2006 Suzuki and Lee 2007) . We found that the Galα1-4Gal sequence was absent from the egg white glycoproteins of two large taxa of avians, i.e. Ratitae (traditionally called Palaeognathae, e.g. ostrich, rhea, emu, tinamou) and Galloanserae (e.g. chicken, duck) , but present in the majority of Neoaves (e.g. pigeon, swiftlet, parrot, gull; Suzuki et al. 2009 ). (Nomenclatures for avian classification are based on Sibley and Ahlquist (1990) . In this paper, Neoaves does not include Galloanserae.) In contrast, mammals express Galα1-4Gal on glycolipids, such as globotriosylceramide (Gb3, Galα1-4Galβ1-4Glc-Cer) and P 1 antigen (Galα1-4Galβ1-4GlcNAcβ1-3Galβ1-4Glc-Cer), but not on glycoproteins, except on those in the hydatid fluid caused by tapeworm (Cossey et al. 1979; Khoo et al. 1997) .
Unlike Galα1-4Gal, the distribution of the Galβ1-4Gal sequence among various avian species remains to be investigated. A glycolipid with a pentasaccharide structure, Galβ1-4Galβ1-4GlcNAcβ1-3Galβ1-4Glc-Cer, was isolated from ostrich liver (Bouhours et al. 2000) , but there have been no reports of the presence of glycoproteins with the Galβ1-4Gal sequence in ostrich. In mammals, it has been reported that pigs express glycolipids containing the Galβ1-4Galβ1-4Glc-Cer sequence at an internal position (Slomiany et al. 1974 ), but Galβ1-4Gal was not found in glycoproteins. In contrast, the Galβ1-4Gal sequence was also found in glycoproteins from some fishes (Shimamura et al. 1983; Iwasaki et al. 1984 Iwasaki et al. , 1992 Iwasaki and Inoue 1985; Inoue et al. 1989; Taguchi et al. 1993 Taguchi et al. , 1994 Taguchi et al. , 1996 Maes et al. 1997; Coppin et al. 1999; Guerardel et al. 2006; Moriguchi et al. 2007 ) and amphibians (Mourad et al. 2001; Florea et al. 2002; Coppin et al. 2003) .
Galα1-4Gal and Galβ1-4Gal sequences are biosynthesized in pigeon by the actions of UDP-Gal:β-galactoside α1,4-galactosyltransferase (α4GalT(Gal)) and UDP-Gal:β-galactoside β1,4-galactosyltransferase (β4GalT(Gal)), respectively. (In this paper, GalTs are conveniently abbreviated as linkageGalT (an acceptor substrate) to distinguish their acceptor substrate specificities from each other, e.g. UDPgalactose:β-D-galactoside α1,4-galactosyltransferase is designated as α4GalT(Gal).) We recently isolated cDNAs encoding these enzymes by expression cloning (Suzuki and Yamamoto 2010) . The amino acid sequence of pigeon α4GalT(Gal) is similar to that of human and chicken Gb3 synthases (58.2 and 68.0% identity, respectively), which utilize lactosylceramide (Galβ1-4Glc-Cer) as the preferred acceptor substrate to produce Gb3. These enzymes belong to the glycosyltransferase family denoted GT32 in the Carbohydrate-Active Enzymes (CAZy) database (Lairson et al. 2008) . However, unlike human and chicken Gb3 synthases, pigeon α4GalT (Gal) preferred to produce P 1 antigen using N-acetyllactosamine (Galβ1-4GlcNAc-) as a substrate rather than P k antigen (Galα1-4Galβ1-4Glc) using lactose as a substrate (Suzuki and Yamamoto 2010) .
Another enzyme in pigeon, β4GalT(Gal), belongs to the GT92 family in the CAZy database. The members of this family are found widely in eukaryotes, including vertebrates and nonvertebrates, but not in mammals. Among birds, zebra finch, but not chicken, possess hypothetical proteins similar to pigeon β4GalT(Gal). Therefore, the gene encoding β4GalT (Gal) may have been lost in some bird lineages.
In this study, to compare the properties and expression profiles of α4GalT(Gal) and β4GalT(Gal) among various species, we first established a method to detect the activities of these enzymes in pigeon liver by high pressure liquid chromatography (HPLC). With this method, we analyzed the expression of α4GalT(Gal), β4GalT(Gal) and β4GalT(GlcNAc) in three avian species, namely pigeon, ostrich and chicken, and found that α/β4GalTs(Gal) have distinct expression patterns.
Results
Detection and structural analysis of 2-aminopyridinederivatized glycans produced by GalTs(Gal) in pigeon liver extract To detect specific activity of putative α/β4GalTs(Gal) in pigeon, which direct the biosynthesis of Galα/β1-4Gal on N-glycans, we utilized asialo-biantennary oligosaccharides (N-glycan A in Table I ) as the acceptor substrate. When 2-aminopyridine (PA)-derivatized N-glycan A (substrate A) was incubated with 50 mg protein/mL of pigeon liver extract and UDP-Gal as described in Materials and methods, four additional peaks (i.e. I-IV) and a peak of PA-substrate A were observed on normal phase HPLC analysis with an Amide-80 column (Figure 1A, left) . No product peaks were observed when the PA-substrate A was incubated with the same pigeon liver extract without UDP-Gal, suggesting that peaks I-IV are most likely produced by the catalytic activity of putative GalTs. On the basis of the elution positions on the Amide-80 column, fractions I-IV were expected to have one to four galactose residues attached to the PA-substrate A. It was confirmed by analyzing with matrix-assisted laser desorption/ionization-time of flight-mass spectrometry (MALDI-TOF-MS; data not shown). None of the peaks eluted after fraction IV on the column were detected under the experimental conditions, suggesting that pigeon liver extract transfers no more than four galactose residues to the PA-substrate A. The products separated on the Amide-80 column were further separated on an octadecylsilica (ODS) column ( Figure 1A , right). Fraction I was separated into I-1 and I-2; II into II-1, II-2 and II-3; III into III-1; and IV into IV-1. The elution times of PA-oligosaccharides applied to the ODS and Amide-80 columns were recorded in glucose units (GUs), i.e. GU(ODS) and GU(Amide), respectively (Table II) . The structures of N-glycans produced by putative pigeon GalTs were determined by a two-dimensional HPLC mapping technique (Tomiya et al. 1988) as described in Supplementary data and Supplementary Figures S1-S3. The linkages of newly formed Gal-Gal sequences were confirmed to be Galα1-4Gal and Galβ1-4Gal by methylation analysis (Supplementary Figure S4) and Figures S5 and S6 ). The proposed structures of the products are summarized in Table II and Supplementary Figure S3 . The results indicate that the products resulting from the action of GalT(Gal) in pigeon liver extracts possessed Galα1-4Gal and/or Galα1-4Galβ1-4Gal sequences on the branches of biantennary N-glycans. This finding strongly suggested the presence of α4GalT(Gal) and β4GalT(Gal) in pigeon liver.
H-NMR (Supplementary
Analysis of GalT(Gal) activities in ostrich and chicken liver extract We next compared the GalT(Gal) activities of pigeon with those of other avian species. Since pigeon, ostrich and chicken belong to phylogenetically distant taxa, we decided to evaluate these species. When PA-substrate A was incubated with 10 mg protein/mL of ostrich liver extract and UDP-Gal, two peaks β-Galactoside α1,4-and β1,4-galactosyltransferases in birds (V and VI) were observed upon Amide-80 column chromatography ( Figure 1B ). No Gal residues were transferred to PA-substrate A in the absence of UDP-Gal. Fractions V and VI were expected to have one and two galactose residues, respectively, attached to the PA-substrate A, based on the elution positions on the Amide-80 column. None of the peaks eluted after fraction VI on the Amide-80 column were detected, even when the protein concentration of liver extract was increased to 50 mg/mL (data not shown), suggesting that ostrich liver extract transfers no more than two galactose residues to PA-substrate A. By comparing the elution positions on both Amide-80 and ODS columns before and after β4-galactosidase digestion (data not shown), we established that fraction V contained Ic and Id and fraction VI contained IId (Table II) . The structure of fraction VI was also confirmed by methylation analysis (Supplementary Figure S4 ) and 1 Figures S5 and S6 ). The results indicated that the products by the action of GalT (Gal) in ostrich liver extracts possessed only the Galβ1-4Gal sequence but not the Galα1-4Gal sequence. Accordingly, the presence of β4GalT(Gal) in ostrich liver was suggested.
In contrast, when 50 mg protein/mL of chicken liver extract was used as the enzyme source, no peaks other than the peak of PA-substrate A were observed ( Figure 1C ). As a representative control of glycosyltransferases, we also analyzed the activity of β4GalT(GlcNAc), using asialo-agalactosyl biantennary oligosaccharides (PA-glycan B in Table I ) as an acceptor substrate. Unlike GalT(Gal) activity, β4GalT (GlcNAc) activity was detected in pigeon, ostrich and chicken liver extracts, even at a concentration of 0.25 mg protein/mL (described later in detail), suggesting that the enzymes were extracted properly from the tissues. Therefore, the absence of products when combining chicken liver extract with PA-substrate A and UDP-Gal implies that GalT(Gal) activity is absent or undetectable in chicken liver.
Establishment of the assay method to detect GalT activities
Once we had succeeded in identifying the structures of the PA-glycans produced by the action of pigeon and ostrich α/β4GalTs(Gal), the coordinate of GU(ODS) and GU(Amide) Relative quantity of the PA-oligosaccharides produced by adding one to four galactose residues to the substrate was calculated based on an Amide-80 elution profile, and each PA-oligosaccharide was calculated based on ODS elution profiles. IIIa and IIIb overlap with each other on both two of the columns, so the quantity was calculated after α-galactosidase treatment. b Ic, Id and IId were produced by α-galactosidase digestion of IIIa, IIIb and IVa, respectively. IIIc and IIId were produced by partial α-galactosidase digestion of IVa. Ia', Ib', IIb' and IIc' were produced by β4-galactosidase digestion of Ia, Ib, IIb and IIc, respectively.
determined for each PA-glycan (Table II , Supplementary Figure S3 ) was used to detect the products of α/β4GalTs(Gal) from various samples (e.g. Figure 2 ). The reactions presented in Figure 2 were performed with 1 mg/mL of protein at 37°C for 2 h, to obtain products that transferred only one or two galactose residues to the acceptor substrate, PA-glycan A. On the basis of the relative elution positions on both Amide-80 and ODS columns, the products of α4GalT(Gal) and β4GalT (Gal) were identified simultaneously. Moreover, since the elution positions of these products on the ODS column were clearly different from those yielded by α3GalT(Gal) (Table I) , the activities of these three enzymes are easily distinguishable. By measuring the amount of products and transferred galactose residues ( pmol), GalT activities ( pmol/h/mg protein) were recorded, as described in the following experiments.
Comparison of GalTs from pigeon, ostrich and chicken based on biochemical properties To compare the optimum pH of GalT activity in pigeon, ostrich and chicken, PA-substrate A (for measuring α4GalT (Gal) and β4GalT(Gal) activities) and PA-substrate B (for measuring β4GalT(GlcNAc) activity) were incubated with microsomal fractions from liver at various pHs, ranging from 5.5 to 8.0. The activities of these enzymes were found to have a pH optimum of 7.5-8.0 for α4GalT(Gal), 6.5-7.5 for β4GalT(Gal) and 5.5 for β4GalT(GlcNAc) (Figure 3 ). Similar pH dependencies were observed among the species, i.e. β4GalT(Gal) of pigeon and ostrich and β4GalT(GlcNAc) of pigeon, ostrich and chicken, although the relative activities in the liver extracts differed among the species.
The effect of divalent cations on α4GalT(Gal), β4GalT (Gal) and β4GalT(GlcNAc) activities was also analyzed by the same method, using various divalent cations or EDTA, and the results are summarized in Table III . All of these enzymes showed an absolute requirement for divalent cations, because no GalT activity was detected in the absence of divalent cations or in the presence of 20 mM EDTA. Mn 2+ activated all three GalTs in pigeon, which was expected because most eukaryotic glycosyltransferases require this cation. As shown in Table III , the divalent cations of preference differed slightly among the three GalTs in pigeon liver. However, the cation of preference of β4GalT(Gal) in pigeon and ostrich and of β4GalT(GlcNAc) in pigeon, ostrich and chicken seemed to be conserved among these species.
Distribution of α/β4GalT(Gal) in various tissues of pigeon, ostrich and chicken To investigate the tissue distributions of GalTs, PA-substrate A, for α4GalT(Gal) and β4GalT(Gal) activities, and PA-substrate B, for β4GalT(GlcNAc) activity, were incubated with microsomal fractions of tissues available from birds ( Figure 4) . The activities of all three GalTs in pigeon varied by more than 100-fold among tissues, with the highest activity being detected in the small intestine for α4GalT(Gal), in the leukocytes for β4GalT(Gal) and in the liver for β4GalT (GlcNAc). Since microsomal fractions of brain and erythrocytes of pigeon revealed no α4GalT(Gal) activity, extracts with increased protein concentrations (30 mg/mL) were examined for these tissues. The trace amount of products synthesized by α4GalT(Gal) treatment was detected in pigeon brain extract, but no products of α4GalT(Gal) treatment were detected in the erythrocyte fraction. All α4GalT(Gal), β4GalT (Gal) and β4GalT(GlcNAc) activities in the heart, brain and erythrocytes were relatively lower than those in other tissues, probably due to the inefficient extraction of the enzymes from these other tissues, in addition to the relatively low expression levels of the enzymes. Although the activities varied among tissues, α4GalT(Gal), β4GalT(Gal) and β4GalT(GlcNAc) were widely distributed in various tissues in pigeon. The recorded activity of β4GalT(GlcNAc) in each pigeon tissue examined was almost an order of magnitude higher than that of α4GalT(Gal) and β4GalT(Gal).
In ostrich, both β4GalT(Gal) and β4GalT(GlcNAc) activities were detected in all tissues (Figure 4 ), but no α4GalT(Gal) activity was detected in any tissues, as we have previously noted for the liver (Figure 3) . β4GalT(Gal) and β4GalT (GlcNAc) activities were almost equivalent in ostrich tissues. The ostrich blood plasma possessed the highest β4GalT(Gal) activity, which is presumably secreted from some tissues, as often found in several other glycosyltransferases in mammals (Kaplan et al. 1983; Sarnesto et al. 1990 ).
In contrast, chicken β4GalT(GlcNAc) activities were detected in all tissues examined, but neither α4GalT(Gal) nor β4GalT(Gal) activities were detected in any tissues examined (Figure 4) . These results indicate that both α4GalT(Gal) and β4GalT(Gal) are absent in chicken tissues, or below the limit of detection. Table II ) and of β4GalT(Gal) (Ic and Id in Table II) were separated on the ODS column.
β-Galactoside α1,4-and β1,4-galactosyltransferases in birds Fig. 3 . Comparison of the activities of avian liver GalTs at various pH values. Activities of α4GalT(Gal) (solid line), β4GalT(Gal) (dashed line) and β4GalT(GlcNAc) (broken line) from pigeon (A), ostrich (B) and chicken (C) liver extracts were analyzed at pH 5.5, 6.0, 6.5, 7.0 (MES buffer, squares), 7.0, 7.5 and 8.0 (HEPES buffer, triangles). The values represent the mean ± SD of duplicate samples. Scales for α4GalT(Gal) or β4GalT(Gal) activities are indicated on the left y-axes, and those for β4GalT(GlcNAc) activities on the right y-axes of each graph. MES, 2-(N-morpholino)ethanesulfonic; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid. 
Final concentrations of divalent cations and EDTA were 20 mM. b Relative activities of 100% were calculated as a percentage of the incorporation obtained with the addition of MnCl 2 (set to 100%), which corresponded to 13.8 (pigeon α4GalT(Gal)), 18.4 (pigeon β4GalT(Gal)), 488 (ostrich β4GalT(Gal)), 618 (pigeon β4GalT(GlcNAc)), 271 (ostrich β4GalT(GlcNAc)) and 1930 (chicken β4GalT(GlcNAc)) pmol/h/mg protein. The values represent the mean ± SD of duplicate samples. ND, not detected. Antibody/lectin-blot analysis of glycoproteins containing Galα1-4Gal and/or Galβ1-4Gal in pigeon, ostrich and chicken Since the detected activities of α4GalT(Gal) and β4GalT (Gal), as well as β4GalT(GlcNAc) in tissues, varied depending on the avian species, we also compared the presence of particular glycan structures on glycoproteins in the tissues. We used anti-P 1 mAb for Galα1-4Gal, anti-(Galβ1-4Gal) mAb for Galβ1-4Gal and Erythrina cristagalli agglutinin (ECA) for Galβ1-4GlcNAc for antibody/lectin-blotting. Proteins extracted from tissues were blotted onto polyvinylidene difluoride (PVDF) membranes and visualized with Coomassie brilliant blue R-250 (CBB) staining ( Figure 5 ). All the tissues presented in Figure 5 from pigeon, ostrich and chicken stained with ECA, confirming the presence of the Galβ1-4GlcNAc sequence, which can act as the acceptor substrate of α4GalT(Gal) and β4GalT(Gal). In pigeon, all tissues stained with anti-P 1 mAb, although the intensity of staining varied depending on the tissue. The same tissue extracts from pigeon stained only faintly with anti-(Galβ1-4Gal) mAb, presumably because the Galβ1-4Gal sequence was masked with α4-galactosylation at the nonreducing termini. In ostrich, all tissues stained with anti-(Galβ1-4Gal) mAb, but not with anti-P 1 mAb. These results were consistent with the presence of β4GalT(Gal) activity, and the absence of detectable α4GalT(Gal) activity in ostrich. Although the chicken tissue glycoproteins stained strongly with ECA, no glycoproteins were stained with either anti-P 1 mAb or anti-(Galβ1-4Gal) mAb. These results were also consistent with the absence of detectable α4GalT(Gal) and β4GalT(Gal) activities in chicken.
Discussion
Research into the glycosyltransferases that regulate the expression of species-specific glycans is essential for the systematic study of glycan diversity. In this study, we isolated and quantified PA-derivatized N-glycans produced by α4GalT (Gal) and/or β4GalT(Gal) by employing the two-dimensional HPLC map technique (Tomiya et al. 1988) . Since products with different structures were eluted at different positions on the columns, the activities of α4GalT(Gal) and β4GalT(Gal) were measured simultaneously. This HPLC method is more convenient than mass spectrometry (MS) analysis, which cannot easily fractionate or quantify different oligosaccharides of the same molecular masses. Moreover, using the same HPLC system, we could analyze the activities of β4GalTs (GlcNAc), which are key enzymes in the production of the Galβ1-4GlcNAc sequence. Because the genes encoding β4GalTs(GlcNAc) are highly conserved among vertebrates, including chicken (Lo et al. 1998; Amado et al. 1999 ), we β-Galactoside α1,4-and β1,4-galactosyltransferases in birds expected that β4GalTs(GlcNAc) are also expressed in many other birds. It was indeed found that the activities of β4GalTs (GlcNAc) were commonly detected in pigeon, ostrich and chicken with similar biochemical properties (Figures 3 and 4) . Detecting the activities of α4GalT(Gal) and β4GalT(Gal) is also useful to predict the expression of their enzymatic products, i.e. Galα1-4Galβ1-4GlcNAc, Galβ1-4Galβ1-4GlcNAc and Galα1-4Galβ1-4Galβ1-4GlcNAc sequences in tissues or cells, if the presence of both donor and acceptor substrates in the same cells is also demonstrated. Although it is better to confirm the presence of these glycan structures in the tissues with specific antibodies or with structural analysis of the glycans, these strategies are not always feasible. For instance, when the glycan sequences, such as Galβ1-4Gal, are not exposed at nonreducing termini and masked by additional modifications, steric hindrance prevents the recognition of epitopes by the antibodies. Detailed structural analysis of glycans in tissues can provide more precise information of the structures, but it is time-consuming and involves tedious procedures. Thus, detection of the enzyme activities is one of the practical strategies to estimate the presence of specific glycan structures, as long as fresh tissues are available.
Modern birds are monophyletic and are divided into three large taxa, namely, Ratitae, Galloanserae and Neoaves (Sibley and Ahlquist 1990; Mindell et al. 1997; Cracraft 2001) . To compare the activities of α4GalT(Gal) and β4GalT(Gal) among birds as an initial study, we selected one representative species from each taxon, i.e. pigeon from Neoaves, ostrich from Ratitae and chicken from Galloanserae. The expression of α4GalT(Gal) was found only in pigeon, which was expected, as we have previously proposed that Galα1-4Gal is absent in Ratitae and Galloanserae . In contrast, the expression of β4GalT(Gal) was found in both pigeon and ostrich, but not in chicken. The pH and cation dependencies of β4GalT(Gal) from pigeon and ostrich were quite similar, suggesting that there are cognate β4GalTs(Gal) in these species. Since pigeon and ostrich belong to distant phylogenetic taxa, the results imply that a wide range of modern birds may also express β4GalT(Gal) and Galβ1-4Gal. This possibility could be investigated by analyzing samples from many other birds, using the method established in this study.
Materials and methods

Materials
Adult female pigeons (Columba livia) and an adult female chicken (Gallus gallus) were purchased from Saitama Experimental Animals Supply Co. Fresh tissues from ostrich (Struthio camelus) were purchased from a local farmer in the Ibaraki area. Porcine thyroglobulin was prepared as described previously (Ui and Tarutani 1961) . α-Galactosidase from green coffee beans, and N-acetyl-β-D-hexosaminidase from jack bean were purchased from Sigma (St Louis, MO). β4-Galactosidase from Streptococcus pneumoniae was purchased from Calbiochem (La Jolla, CA). Glycoamidase F (also known as N-glycosidase F or PNGase F) was from Roche Diagnostics GmbH (Penzberg, Germany). Neuraminidase from Arthrobacter ureafaciens was from Nacalai Tesque, Inc. (Kyoto, Japan). Anti-P 1 mAb (mouse IgM) was from Gamma Biologicals (Houston, TX). Alkaline phosphatase (AP)-conjugated ECA was from EY Laboratories (San Mateo, CA). AP-conjugated goat anti-mouse IgG and AG1-X8 (100-200 mesh) were from Bio-Rad Laboratories (Hercules, CA). AP-conjugated goat anti-mouse IgM was from Beckman Coulter (Fullerton, CA), and AP-conjugated streptavidin was from BD Biosciences Pharmingen (San Jose, CA). The Shim-Pack CLC-ODS column (6.0 × 150 mm) was from Shimadzu (Kyoto, Japan). The TSKgel DEAE-5PW column (7.5 × 75 mm) and the TSKgel Amide-80 column (4.6 × 250 mm) were from Tosoh Co. (Tokyo, Japan). Sephadex G-25 and Sephadex G-15 were from GE Healthcare UK Ltd (Buckinghamshire, UK). The carbograph cartridge (150 mg) was from Alltech Associates (Deerfield, IL). Dowex 50W-X8 (100-200 mesh) was from Muromachi Kagaku Kogyo Kaisha (Tokyo, Japan). Preparation of the anti-(Galβ1-4Gal) mAb "68" (mouse IgG 1 ) will be described elsewhere (manuscripts in preparation).
Standard procedures and buffers
Protein concentrations were measured by the BCA assay, using the BCA Protein Assay Reagent Kit (Pierce, Rockford, IL), or by the Bradford assay, using Coomassie Plus Reagent (Pierce). Bovine serum albumin was utilized as a standard. The lysis buffer contains 100 mM HEPES ( pH 7.5), 1% Triton X-100, 20 mM MnCl 2 , 1 mM phenylmethanesulfonylfluoride (PMSF) and 1 µg/mL of leupeptin. The reaction buffer contains 100 mM HEPES ( pH 7.5), 1% Triton X-100, 20 mM MnCl 2 , 5 mM D-galactonic acid γ-lactone and 0.2 mM deoxyfuconojirimycin.
Preparation of PA-derivatized oligosaccharides Porcine thyroglobulin (1 g) was dissolved in 20 mL of 0.1 M sodium borate (pH 7.8) and digested with 1 mg/mL of pronase at 37°C for 48 h. After concentration and centrifugation, the supernatant was loaded on a Sephadex G-25 column (1.5 × 90 cm) in water. Fractions containing neutral sugars were monitored with the phenol/sulfuric acid method (Dubois et al. 1956) , and glycopeptide fractions were pooled and lyophilized. N-Glycans were released by hydrazinolysis and re-N-acetylated. Free oligosaccharides were desalted by passage through Dowex 50W-X8 (H + form), purified with a carbograph cartridge, as described previously (Suzuki et al. 2003) , then PA-derivatized (Kondo et al. 1990 ). The mixture of PA-oligosaccharides was first separated by HPLC on a diethylaminoethyl cellulose column (7.5 × 75 mm) based on the sialic acid content (Nakagawa et al. 1995) . The neutral oligosaccharide fractions were separated on an ODS column (6.0 × 150 mm), as described previously , and each fraction was analyzed by MALDI-TOF-MS, using 2,5-dihydroxybenzoic acid (10 mg/mL in 5 mM NaCl) as a matrix. Additional purification was performed with an amidesilica (Amide-80) column (Tomiya et al. 1988) , and PA-substrates A and B (PA-glycans A and B in Table I ) were obtained. Reference PA-derivatized N-glycans C-F (Table I) were prepared from human IgG, as described previously . PA-glycans G and H were prepared as described in Results.
Preparation of tissue extracts and microsomal fractions as enzyme sources Fresh tissues from pigeon, ostrich and chicken were kept at −80°C until used. Each tissue was homogenized at 4°C in lysis buffer with a Polytron homogenizer. The homogenate was centrifuged at 17,400 × g for 5 min at 4°C, and the supernatant filtered through a 0.45 µm membrane was used as a tissue extract for an enzyme source of α4GalT(Gal) and β4GalT(Gal).
To obtain microsomal fractions, various tissues were homogenized in nine volumes of 10 mM Tris-HCl ( pH 7.4), containing 0.25 M sucrose and 1 mM EDTA. After centrifugation at 7700 × g for 30 min, each supernatant was centrifuged at 105,000 × g for 60 min. The microsomal fraction was obtained as a precipitate and dissolved with appropriate solvents, as indicated below for the following enzyme reactions.
Identification of PA-oligosaccharide structures produced by avian α4GalT(Gal) and β4GalT(Gal) using a two-dimensional mapping technique To produce α/β-galactosylated PA-oligosaccharides, 10 or 50 mg/mL of proteins from tissue extracts was incubated in a total volume of 25 µL of reaction buffer with 20 mM UDP-Gal, 50-100 µM PA-substrate A (Table I ) at 37°C for 16 h, and the reactions were terminated by heating at 100°C for 2 min. After centrifugation, the supernatant was loaded onto a Dowex 50W-X8 column (H + form, 40 µL), and then onto an AG1-X8 column (CO 2À 3 form, 30 µL), and the flowthrough fractions were collected.
PA-oligosaccharides in the reaction mixture were first separated by HPLC on the Amide-80 column, based on the number of added galactose residues, and then on the ODS column, as described above. The separated PA-oligosaccharides were digested with α-galactosidase from green coffee bean, β4-galactosidase from Streptococcus pneumoniae or N-acetyl-β-D-hexosaminidase from jack bean to confirm their structures. Before and after each reaction with an exoglycosidase, GUs on the ODS and Amide-80 columns were determined by the relative elution positions of PA-derivatized isomalto-oligosaccharides of polymerization degree 4-20 and plotted on the x-and y-axes, respectively, as described previously (Tomiya et al. 1988; Takahashi et al. 2001 ). This step was continued with other exoglycosidases, until the elution positions of the products totally matched those of the reference compound (Table I) .
Assays of α/β4GalT(Gal) and β4GalT(GlcNAc) To compare the activities of GalTs in avian tissues, the following assay was performed: the microsomal fractions from various tissues were suspended in lysis buffer, and the solution was filtered through a 0.45 µm membrane and used as an enzyme source. Blood was treated with 3.2% citric acid, and blood plasma was used as an enzyme source. The reaction mixture contained the following components in a total volume of 25 µL of reaction buffer: 20 mM UDP-Gal, 4 µM PA-substrate A or 6 µM PA-substrate B and 1 mg protein/mL of enzyme source for PA-substrate A or 0.25 mg protein/mL of enzyme source for PA-substrate B. Incubations were carried out at 37°C for 2 h, and the reaction was terminated by heating at 100°C for 2 min. If enzyme activities were not detected in microsomal fractions, the GalT assay was carried out under the same conditions, except that incubations were performed at 37°C for 4 h, using 30 mg protein/mL of tissue extract. After centrifugation, the supernatant was loaded onto a Dowex 50W-X8 column (40 µL), and then onto an AG1-X8 column (30 µL), and the flow-through fraction was collected. For the α4GalT(Gal) and the β4GalT(Gal) assays, products from PA-substrate A were separated by HPLC on the Amide-80 column and analyzed by HPLC on the ODS column. For the β4GalT(GlcNAc) assay, products from PA-substrate B were analyzed by HPLC on the Amide-80 column.
To analyze the pH dependency of the activity of GalTs, the following assay was performed: the microsomal fraction from liver was dissolved in 10 mM HEPES ( pH 6.5), containing 1% Triton X-100, 20 mM MnCl 2 , 1 mM PMSF and 1 µg/mL of leupeptin. The homogenate was centrifuged at 17,400 × g for 5 min, and the supernatant was filtered through a 0.45 µm membrane and used as an enzyme source. The reaction mixture contained the following components in a total volume of 25 µL: 100 mM HEPES ( pH 8.0, 7.5 or 7.0) or 100 mM MES ( pH 7.0, 6.5, 6.0 or 5.5), 1% Triton X-100, 5 mM D-galactonic acid γ-lactone, 0.2 mM deoxyfuconojirimycin, 20 mM UDP-Gal, 4 µM PA-substrate A or 6 µM PA-substrate B and 2 mg/mL of enzyme source for PA-substrate A or 1 mg/mL of enzyme source for PA-substrate B. Incubations were carried out at 37°C for 2 h, and the reaction was terminated by heating at 100°C for 2 min. After the treatment with ion-exchange columns as described above, the samples were analyzed by HPLC on the ODS column when PA-substrate A was used or analyzed by HPLC on the Amide-80 column when PA-substrate B was used.
For analyzing the effect of divalent cations on the activity of GalTs, the microsomal fraction from liver was dissolved in 100 mM HEPES ( pH 7.5), containing 1% Triton X-100, 1 mM PMSF and 1 µg/mL of leupeptin, without 20 mM MnCl 2 . The GalT assay was carried out in 100 mM HEPES ( pH 7.5), following the same procedures used to analyze the pH dependencies of the activity of GalTs, except that 20 mM of various divalent cation chlorides or 20 mM EDTA, were added instead of 20 mM MnCl 2 .
Preparation of the PA-oligosaccharide standard produced by mouse α3GalT(Gal) cDNA encoding mouse α3GalT(Gal) (Joziasse et al. 1992) was amplified by polymerase chain reaction with two primers, 5′-CCATGTCAACAAGATCTCCATG-3′ and 5′-CAAGTGTT GCTACTTGTTTGAGG-3′, using cDNA from mouse F9 cells. The amplified fragments were inserted into the SmaI site of pBlueScriptII(SK+) (Stratagene, La Jolla, CA) to construct pBS-α3GalT. The pBS-α3GalT plasmid was digested with HindIII and NotI and the released fragment was inserted into pRc/CMV (Invitrogen, Carlsbad, CA) to construct pRc/ CMV-α3GalT. pRc/CMV-α3GalT was transfected into 293T cells with Lipofectamine 2000 (Invitrogen). PA-glycan I (Table I) was produced from PA-substrate A in the transfected cell lysate, in 100 mM MES ( pH 6.5), 1% Triton X-100, β-Galactoside α1,4-and β1,4-galactosyltransferases in birds 20 mM MnCl 2 and purified by HPLC, as described above. The GU on ODS and Amide-80 columns of PA-glycan I was recorded as shown in Table I .
Methylation analysis and gas chromatography-MS To prepare partially methylated alditol acetates, glycans were permethylated using the NaOH/dimethyl sulfoxide slurry method, as described previously , followed by hydrolysis (2 M trifluoroacetic acid at 100°C for 4 h), reduction (10 mg/mL of NaBD 4 in 1 M NH 4 OH at room temperature for 2 h) and acetylation (50% acetic anhydride and 50% pyridine at 100°C for 2 h). Gas chromatography-MS was carried out using a GCMS-QP5050 (Shimazu, Tokyo, Japan). Each sample was dissolved in chloroform before splitless injection into an HP-5MS column (30 m × 0.25 mm internal diameter, Agilent Technologies, Palo Alto, CA). The column head pressure was maintained at 56.7 kPa to give a constant flow rate of 1 mL/min using helium as the carrier gas. The initial oven temperature was held at 60°C for 1 min and increased to 90°C over 1 min and then to 290°C over 25 min. H-NMR spectroscopy was performed on a Bruker AVANCE-600 Spectrometer ( 1 H frequency: 600.13 MHz) at 15°C and 27°C. The chemical shift of acetone was set at 2.218 ppm relative to 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt.
Electrophoresis and western blotting Electrophoresis was performed under reducing conditions in a 12.5% sodium dodecyl sulfate-polyacrylamide gel using 20 µg of protein/lane for each tissue homogenate. The separated proteins were transferred to PVDF membranes and then detected with CBB or antibody/lectin staining. For antibody/ lectin staining, the membranes were soaked in blocking solution, which consisted of Tris-buffered saline (TBS; 20 mM Tris-HCl ( pH 7.5) with 150 mM NaCl) containing 3% (w/v) bovine serum albumin (for lectin/anti-(Galβ1-4Gal) mAbstaining) or 5% (w/v) skim milk (for anti-P 1 mAb-staining). The blot-membranes were first incubated with anti-P 1 mAb (for detection of Galα1-4Galβ1-4GlcNAc), anti-(Galβ1-4Gal) mAb or AP-labeled ECA (for detection of Galβ1-4GlcNAc). After washing with 0.1% Tween-20 in TBS, the membranes were incubated with AP-labeled secondary antibodies for antibody staining.
